Objective: The aim of this study was to evaluate the efficacy of manual therapy based on neurodynamic techniques in conservative treatment of carpal tunnel syndrome. Design: Randomized controlled trial. Setting: Several medical outpatient clinics in the south of Poland. Participants: The study included 103 patients with mild and moderate carpal tunnel syndrome (mean age = 53.95, SD = 9.5) years, who were randomly assigned to a neurodynamic techniques group (experimental group, n = 58) or a group without treatment (control group, n = 45). Intervention: Neurodynamic techniques were used in the experimental group. Treatment was conducted twice weekly (20 sessions). Control group did not receive treatment. Main measures: Nerve conduction study, pain, symptom severity and functional status of Boston Carpal Tunnel Questionnaire, and strength of cylindrical and pincer grips were assessed at baseline and immediately after treatment (nerve conduction study one month after treatment). Results: Baseline assessment revealed no group differences in any assessed parameters (P > 0.05). There were significant differences between groups after treatment, including nerve conduction (e.g. sensory conduction velocity: experimental group: 38.3 m/s, SD = 11.1 vs control group: 25.9 m/s, SD = 7.72, P < 0.01). Significant changes also occurred in pain (experimental group: 1.38, SD = 1.01 vs control group: 5.46, SD = 1.05, P < 0.01), symptom severity (experimental group: 1.08, SD = 0.46 vs control group: 2.87, SD = 0.68, P < 0.01), and functional status (experimental group: 1.96, SD = 0.64 vs control group: 2.87, SD = 1.12, P < 0.01). There were no group differences in strength (P > 0.05).
Introduction
Carpal tunnel syndrome is the most common peripheral mononeuropathy, characterized by local sensory and motor disorders. 1, 2 A multitude of symptoms lead to impairment of the manual functional capacity, deterioration of overall health, and coupled with a high incidence, 3 has serious social and economic consequences. Therefore, it is important to research effective and inexpensive treatments for this condition. 4 Treatment of carpal tunnel syndrome includes a surgical approach, as well as conservative treatment, but the scientific evidence on the effectiveness of various methods is contradictory. 1 Advocates of surgical treatment emphasize its high clinical and economic efficacy. 5 Proponents of conservative treatment emphasize the high level of safety, beneficial effects, and low costs associated with these approaches. 6, 7 Some authors have stated that conservative treatment should be used as the first type of therapy. 4, 8 At the same time, a large proportion of carpal tunnel syndrome patients (about 61%) try to avoid surgical treatment and seek other therapies. 9 Therefore, research is needed to determine the best therapeutic agents for conservative treatment of carpal tunnel syndrome.
Neurodynamic techniques are frequently used in conservative treatment of carpal tunnel syndrome, 4, 10 but their efficacy has not been fully proven. [11] [12] [13] Discussions of carpal tunnel syndrome often refer 'entrapment syndrome', which implies a problem with the nerve's free slide against the surrounding tissues. In the latest systematic review, five of the six studies indicated limited longitudinal excursion, and four studies indicated transverse excursion of the median nerve. 14 Therefore, it seems reasonable to use neurodynamic techniques in conservative treatment of carpal tunnel syndrome, which can restore the dynamic balance between the relative motion of the nerve and surrounding tissues, improving sliding of the median nerve. This, in turn, may improve the neurophysiological functions of the median nerve 15 and reduce the symptoms of the patients.
Most studies evaluating the efficacy of neurodynamic techniques in the treatment of carpal tunnel syndrome include different methodologies of therapeutic intervention, rendering it difficult to draw definitive conclusions. [11] [12] [13] In some of these works, neurodynamic techniques were used as a programme of autotherapy; in others, they were administered by a therapist or were only a single component of a comprehensive therapeutic programme. Large methodological discrepancies in these studies have inhibited a clear assessment of the efficacy of neurodynamic techniques. To date, only three studies have evaluated the efficacy of neurodynamic techniques used as the sole therapeutic agent in treatment of carpal tunnel syndrome patients. [16] [17] [18] In each of these studies, a positive therapeutic effect was obtained. However, the studies were conducted on small groups of patients, and the description of therapeutic techniques was not clear. Currently, there are no reasonable largescale trials assessing the effectiveness of neurodynamic techniques in the treatment of carpal tunnel syndrome. Therefore, we performed studies assessing the effectiveness of neurodynamic techniques on large groups of patients and with a thoroughly described methodology of the treatment applied. The purpose of this study was to evaluate the efficacy of neurodynamic techniques as the sole therapeutic agent in the conservative treatment of mild and moderate forms of carpal tunnel syndrome. 19, 20 Participants were randomly allocated to two groups: experimental group, in which neurodynamic techniques were applied, and control group, in which no treatment was used. If the patient had bilateral carpal tunnel syndrome, both hands were evaluated and treated. The experimental group received 20 treatments twice weekly for 10 weeks; during the same time period, the control group had no treatment. All patients were informed about what the study would involve and told that they could withdraw at any stage without giving a reason. Written informed consent was obtained from all participants.
Methods
The carpal tunnel syndrome diagnosis was made by a physician on the basis of data collected from the interview, nerve conduction study, and clinical examinations. The nerve conduction study was performed in an independent electroneurography laboratory. Only participants who had diminished nerve conduction velocity (<50 m/s) and/or increased motor latency (>4 m/s) based on the nerve conduction study were included. The clinical diagnosis of carpal tunnel syndrome was based on the criteria that Chang et al. 21 proposed:
1. Numbness and tingling in the area of the median nerve; 2. Night-time paraesthesia; 3. Positive Phalen's test; 4. Positive Tinel's sign; 5. Pain in the wrist area radiating to the shoulder.
According to these criteria, the diagnosis of carpal tunnel syndrome was based on the presence of two or more symptoms. 21 The exclusion criteria were as follows: lack of consent; lack of cooperation from the patient; previous surgical, conservative, or pharmacological therapy; cervical radiculopathy; diabetes; rheumatoid diseases; pregnancy; past trauma to the wrist; and muscular atrophy of the thenar eminence.
Each patient who met the diagnostic criteria was included for further study. Carpal tunnel syndrome patients were randomly allocated to the groups: experimental group (neurodynamic techniques) or control group (no treatment). The allocation was made before the data collection began using a random number generator computer programme. Those who were randomly assigned '1' were placed in the experimental group, and those who were randomly assigned '2' were placed in the control group. Group assignments were sealed in opaque envelopes. Randomization and allocation were performed by two research assistants who were not otherwise involved in the trial.
The necessary sample size was calculated based on preliminary results from 10 participants. To determine the sample size, we used the following variables: pain and symptom severity and functional status of Boston Carpal Tunnel Questionnaire. Pain had the highest value. Calculation of sample size was based on an alpha of 0.05 and a statistical power of 0.8. Based on this calculation, we aimed to recruit about 50 patients for each treatment group.
The nerve conduction study was performed in an independent laboratory as a standard procedure, and staff were not informed about the conducted experiment. The physician who diagnosed carpal tunnel syndrome did not know to which group patients were placed. Then, patients were examined by four physiotherapists who performed physical examinations and watched as patients filled out the relevant questionnaires: Boston Carpal Tunnel Questionnaire and Numerical Pain Rating Scale. They were also blinded to the group allocations. The physiotherapy procedures in the experimental group were performed by other eight physiotherapists. All investigators had more than 10 years of experience with carpal tunnel syndrome patients. After therapy, patients were reexamined by the physiotherapist who had conducted their initial examination. Nerve conduction was reassessed in the same electroneurography laboratory, at the same site. The same procedures and record forms were used during the baseline and final examinations.
Primary outcome measures were as follows:
1. Nerve Conduction Study; 2. Numerical Pain Rating Scale; 3. Boston Carpal Tunnel Questionnaire.
Secondary outcome measure was as follows:
1. Strength of cylindrical and pincer grips.
Median nerve conduction study was performed in an electroneurography laboratory by experienced personnel by order of the physician. NeuroMep electrodiagnostic equipment was used to perform the examinations, using an antidromic method with superficial electrodes. The following values were accepted as normal, as recommended by the laboratory reference guideline in which the studies were performed: sensory conduction velocity ⩾50 m/s, motor conduction velocity ⩾50 m/s, and distal motor latency ⩽4.0 m/s. The nerve conduction study was performed at baseline and one month after treatment.
Pain assessment was done with Numerical Pain Rating Scale (0 = no pain, 10 = maximum pain). 22 For pain assessment, patients were asked to highlight the strongest pain from the previous week. The pain in each hand was evaluated separately in patients with bilateral carpal tunnel syndrome. Pain was assessed at baseline and immediately after treatment.
To assess symptom severity and physical capacity, the Boston Carpal Tunnel Questionnaire was used. 23 Patients with bilateral carpal tunnel syndrome completed a separate Boston Carpal Tunnel Questionnaire for each hand. All patients completed a Boston Carpal Tunnel Questionnaire at baseline and immediately after treatment.
The strength of the cylindrical and pincer grips were measured using Jamar dynamometers. 24 Strength was measured in kilogrammes (kg). If carpal tunnel syndrome was bilateral, the strength was measured separately for each hand. The strength was assessed at baseline and immediately after treatment.
Physiotherapy for the experimental group was based on neurodynamic techniques directed at the median nerve. Both sliding and tensioning techniques were used. All techniques were performed in a supine position. The neurodynamic sequence was as follows: (1) initial position; (2) arm abduction to 90°; (3) arm external rotation; (4) wrist and fingers extension; (5) forearm supination; and (6) elbow extension (Supplementa1 Figure S1) . In this sequence, sliding and tensioning techniques were performed in the proximal and distal directions: (1) one-direction proximal sliding mobilization (movement -elbow extension -large amplitude of motion) (Supplemental Figure S2) ; (2) one-direction distal sliding mobilization (movement -wrist extension -large amplitude of motion) (Supplementa1 Figure S3) ; (3) one-direction proximal tensioning mobilization (movement -elbow extension -small amplitude of motion at the end of the movement) (Supplemental Figure S4) ; and (4) one-direction distal tensioning mobilization (movement -wrist extension -small amplitude of motion at the end of the movement) (Supplemental Figure S5 ). The standard protocol consisted three series of 60 repetitions of sliding and tensioning neurodynamic techniques separated by inter-series intervals of 15 seconds, twice a week for 20 sessions. The therapy was performed by physiotherapists with more than 10 years of experience in neurodynamic techniques. The approximate duration of each session was 20 minutes. There was no pain during the therapy. The study participants had no other therapy apart from neurodynamic techniques. No treatment was performed in the control group. The follow-up period was the same as the experimental group.
Statistical analysis
Data were analysed using the Statistica 13.1 software package. The basic parameters were compared between groups using the independent t-test (age, body mass, height, and body mass indexkilogrammes per square metre) and the chi-square test (gender distribution, side of hand dominance, side of asymptomatic and symptomatic hand, and the number of affected carpal tunnel syndrome hands -one hand or both hands). A one-way analysis of variance (ANOVA) for repeated measurements was used to evaluate the main effects in nerve conduction study, pain, symptom severity, functional status, and strength between groups. For between-group differences, Tukey's post hoc test was used. Significant results are presented as the mean difference and 95% confidence interval (CI). For all analyses, the threshold of the P-value considered as significant was set at <0.05.
Results
In total, 158 subjects were considered for inclusion in the study. Of these 158 subjects, 36 were excluded because they did not meet the inclusion criteria or declined to participate. The remaining group of participants were randomly allocated to experimental or control groups. The whole protocol accomplished with completed data from 103 participants (Figure 1) . Thus, the final analysis involved 103 participants (58 in experimental and 45 in control group). At baseline, the groups were similar with regards to sex, age, body mass, body mass index, symptomatic/asymptomatic hand, hand dominance, and Historical-Objective scale. In both groups, Phalen's test and Tinel's sign were similarly presented. Detailed data are shown in Table 1 . In all 103 (100%) cases, subjects experienced numbness and tingling in the area of the median nerve and nocturnal paraesthesia.
The ANOVA for all measured parameters (with exception of cylindrical and pincer grips) revealed statistically significant main effects (P < 0.01). Detailed post hoc analysis showed that baseline measurements in all cases were the same in both groups (Table 2) .
After 10 weeks of experiment, compared with control group, patients in the experimental group had a 12.4 m/s (95% CI = 9.1-15.6) higher value of sensory conduction velocity and 0.92 m/s (95% CI = 0.58-1.23) lower value of motor latency. The pain level measured after the experiment was diminished by 4.08 points (95% CI = 3.73-4.43) in the experimental group compared to control group. In both components of Boston Carpal Tunnel Questionnaire, the results of symptom severity and functional status in experimental group (compared to control group) after 10 weeks of experiment were lower by 1.79 (95% CI = 0.91-1.31) and 0.91 (95% CI = 0.78-1.24), respectively ( Table 2) .
Discussion
The results provide evidence for the efficacy of neurodynamic techniques in the conservative treatment of carpal tunnel syndrome. Statistically significant main effects were obtained in nerve conduction, pain and symptom severity, and functional status. There were no statistically significant main effects in the assessment of muscle strength in examined both grips. After the treatment, a significant improvement of nerve conduction occurred in the experimental group. Mean motor changes were very subtle and potentially caused in only a few patients. Hence, limited improvement can be expected for the motor parameters, since they are presumably within normal limits for most patients. Significant relief from pain and symptom severity occurred. Functional status also improved considerably. The lowest change occurred in the study of muscle strength. There were no substantial betweengroup changes in the assessment of either grip.
In our previous study, we compared the effectiveness of a therapeutic programme consisting of neurodynamic techniques, wrist mobilization, and functional massage with a programme that included laser and ultrasound in carpal tunnel syndrome patients. 2 After the treatment, improvement in nerve conduction and functional status, as well as reduction in pain and symptom severity, occurred in both groups, with greater results in the group receiving neurodynamic techniques. Although the current experiment omitted functional massage and wrist mobilization, a similar therapeutic effect emerged. Therefore, one may assume that neurodynamic techniques made the biggest contribution towards improvement among the studied parameters. 2 To date, nerve conduction study is the 'gold standard' for carpal tunnel syndrome diagnostics. 25 Premoselli et al. 26 observed that in mild and moderate carpal tunnel syndrome, the conduction velocity in sensory fibres was the first to be negatively affected. Jablecki et al. 27 also indicated that the decrease in nerve conduction onsets earlier in sensory fibres, yet the reason remains unknown. In our study, initial conduction velocities were worse in sensory fibres and motor latency. Greater improvement was achieved after the treatment cycle, which may indicate the beneficial effects of the applied neurodynamic techniques.
The use of neurodynamic techniques produced a significant reduction in pain. The mechanism of such a significant reduction seems to be multifactorial and may be due to decreased pressure in the carpal tunnel and decreased tissue oedema. Schmit et al. 28 showed that nerve compression causes chronic inflammation that can cause carpal tunnel syndrome symptoms. We hypothesize that use of neurodynamic techniques may increase blood supply, reduce mechanical irritation and improve nerve sliding to improve its physiological function, that is, reduce intraneural oedema, improve axonal transport, and decrease intraneural pressure, thereby reducing mechanical sensitivity.
Neurodynamic techniques also produced a decrease in symptom severity and improvement of functional status. The reduction of subjective symptoms may be explained by both the significant pain reduction and the improvement of nerve conduction in sensory fibres. Sensory disturbances and impairment of conduction velocity in sensory fibres are the earliest manifestations of carpal tunnel syndrome, and following treatment, they disappear earlier than motor symptoms. 29 No significant change in muscle strength (in both grips) manifested after the use of neurodynamic techniques. Studies show that muscle strength in mild and moderate carpal tunnel syndrome is not yet impaired; hence, the subjects were able to maintain normal strength. 29 Nerve conduction velocity in motor fibres was normal, with no indication that strength would be impaired. In our previous study, there were also no significant differences between carpal tunnel syndrome patients and healthy people in pincer grip and only a slight difference in cylindrical grip. 2 It should be emphasized, however, that people with only mild carpal tunnel syndrome have been studied. 30 Tal-Akabi and Rushton 16 showed in their research of carpal tunnel syndrome patients that the greatest therapeutic effect occurred using neurodynamic techniques. In other studies, significantly better results also occurred in the group using neurodynamic techniques as the sole treatment component. 17, 18 However, the problem with these studies is, they sometimes described the methodology for applying neurodynamic techniques too briefly, which is difficult to reproduce in a clinical setting.
Coppieters et al. 31, 32 observed that the use of various neurodynamic techniques may affect the nerve differently and may have other biomechanical effects. Previously mentioned studies [16] [17] [18] and this study show that passive therapy performed by a physiotherapist yielded greater therapeutic outcomes than control groups (without treatment or treated with a different therapeutic programme). In the case of using neurodynamic techniques as an autotherapy programme, some studies have shown a positive effect of therapy, 10 and some studies have lacked positive therapeutic effect. 33 The effectiveness of neurodynamic therapy in the treatment of carpal tunnel syndrome has also been evaluated in recent systematic reviews, but the results are inconclusive. 12, 13 This indicates that greater benefits may emerge through the use of neurodynamic techniques by a therapist, compared without autotherapy.
The limitation of this work is primarily the absence of a placebo control group. Such a group would eliminate the placebo effect that could have occurred as the sole result of participation in the therapy and not because of the therapeutic programme used. The limitation of these studies is the possibility that other nonspecific factors influenced the effect of therapy. Another limitation is the use of up to 20 therapeutic sessions, which makes the therapy less economical. The limitation here is that it rated only the short-term outcome and follow-up only for nerve conduction study. An additional research limitation is that the findings may be due to an immediate effect from the last intervention session, if indeed the outcome measures were taken immediately after the last treatment.
Nevertheless, nerve conduction was tested one month after the therapy, and the effect was statistically significant.
We think that the strength of our study is the clear and understandable methodology for both the diagnosis and treatment of patients with carpal tunnel syndrome. Diagnostic criteria were comprehensive and included interview, functional tests, and nerve conduction study. The treatment protocol of neurodynamic techniques was described in detail, so it can be easily used in clinical practice by physiotherapists and also repeated by scientists in subsequent experiments. The study encompassed a relatively large number of patients, thus the results are more likely to be reproduced in a clinical setting. Finally, the study shows the positive effect of neurodynamic techniques, which can improve the clinical results in conservative carpal tunnel syndrome treatment in rehabilitation/physiotherapy wards and private practices. In further studies, it could be worthwhile to evaluate the effectiveness level of neurodynamic therapy and compare it with other physiotherapy methods/ techniques such as exercise therapy or electrophysical modalities. In addition, we believe that future studies should compare sliding and tensioning neurodynamic techniques to get information about their separate treatment potentials.
Conclusion
In conclusion, the use of neurodynamic techniques in conservative treatment of mild to moderate forms of carpal tunnel syndrome has significant therapeutic benefits in the short term. Improvement in nerve conduction and functional status, as well as reduction of pain and symptom severity, emerged. The use of neurodynamic techniques did not improve muscle strength in cylindrical and pincer grips. 
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